Bacterial DNA is negatively supercoiled. An optimal level of supercoiling is maintained, at least in part, by a balance between opposing activities of DNA gyrase (gyrA gyrB), which introduces negative supertwists, and topoisomerase I (topA), which relaxes them (for reviews, see references 4, 7, 9, and 31). In topA mutants, there is an excess of negative supercoils (20, 25) , and Escherichia coli topA mutants are viable only in the presence of spontaneous secondary mutations which have a compensatory role (6, 23, 24) . Some of these mutations have been mapped at, or near, gyrA or gyrB, and in some a net decrease in DNA superhelicity was observed (6) , suggesting that there is selective pressure to maintain a tolerable level of DNA superhelicity. DNA supercoiling has a differential effect on gene expression. While most genes operate within considerable variation in superhelicity, some are active only within a limited range (22, 26) . Increased supercoiling activates the leu-500 mutation in Salmonella typhimurium (18, 21) , whereas in E. coli the cryptic bgl operon is expressed in certain gyr mutants in which decreased or increased superhelical tension is observed (6, 16, 22) . Drugs affecting the activity of DNA gyrase can modulate the expression of some genes (15, 27) . The differential effect of supercoiling on gene expression is a complex phenomenon. It can involve sequences inside or outside the promoter (18, 22, 30) ; however, the correlation of gene expression with the level of supercoil is not always clear (8) .
The accumulation of secondary compensatory mutations in topA mutants raises the possibility that this phenomenon may resemble that described recently in which mutations advantageous to the cell accumulated in starved aged cultures while an increase in neutral mutations was not observed (2, 13, 14, 28) . Cairns et al. (2) suggested that these advantageous mutations are not random but, rather, directed ones, while Hall (14) suggested that cells in stress may enter into a hypermutable state in which extensive DNA damage results in error-prone repair. Advantageous mutations enable the cells to recover, while neutral ones will be lost as the cells eventually die. Thus, according to Hall (14) , the process is random.
The present communication describes the characteristics of a mutation in a new gene, psu (pleiotropic suppressor [temporary designation]), which is apparently deleterious to the cell unless several secondary mutations accumulate in the cell. psu mutants express a pleiotropic suppressor phenotype due topsu and to secondary mutations, each expressing a different suppressor phenotype. The functions of psu and its compensatory mutations are not known; however, the results suggest that they may be involved directly or indirectly with the supercoiling machinery.
MATERUILS AND METHODS
Bacterial strains and media. All the bacterial strains used are derivatives of E. coli K-12 and are listed in Table 1 . M9 was used as the minimal medium to which amino acids and carbon sources were added as required (19) . Luria broth (LB) was used as the rich medium. When necessary, the following antibiotics were added to sterile growth media (final concentrations in parentheses): tetracycline (12 pug/ml); streptomycin (200 [ug/ml); ampicillin (50 pug/ml); kanamycin (40 [ug/ml); spectinomycin (50 pug/ml); sodium azide (10-' M); coumermycin (40 pug/ml); nalidixic acid (50 pug/ml); rifampin (100 [ug/ml); kasugamycin (1,000 pRg/ml); and oxolinic acid and novobiocin as required. Resistance to valine was examined on M9 agar plates with 40 pug of valine per ml.
Plasmids and bacteriophages. Plasmids and bacteriophages are listed in Table 2 .
Chemicals and antibiotics. Chemicals and antibiotics were obtained from the Sigma Chemical Co. Nutrient broth and agar were obtained from Difco Laboratories.
Genetic techniques. Conjugation experiments and P1 transduction were carried out as described by Miller (19) . For transduction to Rif, 0.5 ml of LB was added to the cell (17) . A low-copy-number mini-Mu transposon with a plasmid replicon, MudII5117, was used for cloning in vivo as described by Groisman and Casadaban (12) . For screening for phenotypic expression of psu, transformed cells were usually incubated in LB with aeration at 370C for 2 to 3 h before being plated on minimal agar plates.
Supercoiling experiments. Plasmid DNA isolation and agarose gel electrophoresis for analysis of plasmid supercoiling were carried out as described by Pruss (20) by using Trisborate buffer (pH 8.0).
RESULTS
Isolation of a suppressor mutation. E. coli T44 is leu thr like its parent strain, C600, and carries the temperature-sensitive agar, was purified (EE35) and shown to be Leu+ Pro+ His' (slow and mucoid growth) but Thr-Arg-, suggesting that in SC18 (psu-1) the prototrophic phenotype of at least thr and arg may depend on both psu and the relevant secondary mutations. All the secondary mutants were initially very slow to grow when transferred to JM1. Growth was normal after several transfers.
Strain SC18 (psu-1) carries the original mutations of the parent, JM1. The following experiments were designed to establish whether the prototrophy in strain SC18 is due to suppression and whether SC18 still carries the auxotrophic mutations of its parent, JM1 (thr leu pro his arg). The presence of thr was examined by using the linkage thr-ksgA, which is about 10% (29) . An SC18 Ksgr spontaneous mutant was isolated (most spontaneous Ksgr mutations are ksgA) (29) , and a P1 lysate of the resistant culture transduced a wild-type strain (EE26) to Ksgr. Of 100 Ksgr colonies examined on M9 agar with and without Thr, eight were Thr-, giving a thr-ksgA linkage of 8%.
To examine the presence of arg, use was made of the linkage arg-rpoB (Rif), which is about 50% (33) . Strain EE92 (JM1 [Arg+]) was made Rif' (most Rif' map in rpoB) (33) . Two independent colonies were purified, and P1 lysates of these cultures transduced wild-type strain EE26 to Rifr. Fifty-one Rif' colonies were replicated on M9 agar with and without Arg. Ten were Arg-. The two P1 lysates gave very similar results. Here, the arg-rpoB linkage is 20%, which is about half of the known linkage (33); however, since the number of spontaneous Rif' mutants was about half that obtained by transduction, this could explain the low linkage value. Similarly, Leu-colonies were recovered when the linkage leu-azi was used (data not shown). These results show that at least thr leu and arg can be recovered from the prototrophic strains SC18 (psu-1) and EE92 (JM1 [Arg+]), indicating that the expression of prototrophy is most probably due to suppression.
Strain SC18 does not express a mutator phenotype. To rule out the possibility that the accumulation of secondary mutations is due to mutator activity, strain SC18 (psu-J) was examined for expression of a mutator phenotype. The frequencies of spontaneous mutations to resistance to valine, nalidixic acid, spectinomycin, and rifampin in strain SC18 (psu-1) were determined, with the parent strain, JM1, as the control. It was found that the differences in the frequencies of resistant mutations between the two strains were minor and certainly do not indicate mutator activity (results not shown). The tif-1 mutation, which is present in E. coli T44, the strain in which psu originated, raises the frequency of spontaneous mutations 10-to 100-fold (3). Cloning psu. Numerous attempts to clone psu-1 in pUC9 by using DNA isolated from strain SC18 (psu-1), partially digested by the restriction enzyme Sau3A, were unsuccessful. However, psu-J was cloned by an in vivo cloning method by using the low-copy-number mini-Mu phage MudII5117 (12 Lac' colonies were further scored for the expression of psu-1, namely, being able to grow on unsupplemented M9 kanamycin plates. Three Kmr prototrophic transductants were isolated. A plasmid preparation (pE4) from one strain was digested by BamHI, and a fragment of about 10 kb was subcloned in plasmid pBR322 (pE8). JM1 transformed by pE8 gave very small colonies on M9 agar. However, pE8 was not maintained in JM1; there was no colony growth on M9 agar upon further transfer. On the other hand, pE8 was maintained when strains such as EE35 (SC18psu°) that had previously harboredpsu were used, and their transformants grew well on M9 agar. Since EE35 lost psu-1 but supposedly still carries the secondary mutations described above, it is reasonable to assume that these mutations are obligatory for the maintenance of pE8.
It should be emphasized that this maintenance can be temporary. The plasmid is often lost in aging cultures unless the culture is repeatedly transferred on selective media.
Physical analysis of the pE8 (psu-1) clone proved difficult. Figure 1A shows that when plasmid pE8 is digested by various restriction enzymes and subsequently electrophoresed on 1% agarose gels, most of the chromosomal DNA disappears, leaving only pale DNA bands, while the vector pBR322 DNA shows intact (undigested) bands. Figure 1B shows that insert DNA is visibly fully digested within 30 to 60 min of incubation by BamHI, EcoRI, and BglI, whereas pBR322 serving as a control is digested only at the proper restriction sites (Fig. 1C) . This differential stability is not understood. In view of these results, physical mapping of the psu gene will have to be carried out with the cloned psu°w ild-type DNA. Secondary mutations accumulate in JM1 transformed to Ampr by pE8. When JM1 is transformed by pE8 to Ampr, most Ampr colonies harbor mutations suppressing single amino acid requirements of JM1 as seen in Table 5 . Most Ampr transformed colonies carry cells harboring suppressor mutations to thr, leu, orpro, while 55 to 60% of the colonies carry mutations suppressing his or arg. The efficiency of suppression differs for each requirement. As in the transduction experiment (Table 4) , each suppressor mutant can grow only in the absence of one required amino acid. It should be noted that the newly transformed strains carrying single suppressor mutations do not maintain pE8. So far, pE8 was maintained only in strains that previously harbored psu, in which, most probably, a number of secondary mutations had accumulated. The secondary mutations, on the other hand, do not require psu for the expression of suppression.
psu and the secondary mutations may be involved with gyrase activity and DNA supercoiling. Figure 2 shows that strain SC18 (psu-1) is considerably more resistant to the gyrase A inhibitor oxolinic acid than its wild-typc parent, JM1. It is also more resistant to novobiocin, the gyrase B inhibitor. oxolinic acid per ml, while strains EE91 (Pro') and EE93 (Leu') are similar in sensitivity to the wild type, JM1. These results suggest that the activity of psu and the secondary mutations may be associated with that of gyrase A. However, this activity does not affect the overall level of DNA supercoil. The level of DNA supercoiling of plasmid pT7-6 isolated from strain SC18 (psu-1) and the secondary mutants does not differ from that of the wild-type strain, JM1 (results not shown). Novobiocin, which is known to reduce the level of DNA supercoiling (10) , was added to the five secondary mutants, all derived from strain JM1 and each suppressing one of the five auxotrophic requirements of JM1. Table 6 shows the effects of several concentrations of novobiocin on the growth rate of each mutant growing in the absence of the suppressed requirement. It can be seen that novobiocin highly stimulates the suppression ofpro, leu, and thr, while that of arg and his (data not shown) is stimulated only to a small degree.
Some characteristics ofpsu secondary mutations. To examine whether the secondary mutations are associated with gyrA and gyrB genes, the following experiments were carried out. A strain of JM1 resistant to nalidixic acid, an inhibitor of gyrase A subunit, was isolated, and a P1 lysate of Nalr JM1 transduced strains EE91 (Pro'), EE92 (Arg+), EE93 (Leu+), and EE94 (His') to Nalr. Nalr transductants were examined for the loss of suppressor activity: no such loss was (ii) Suppression of auxotrophy is markedly stimulated by lowering the level of DNA supercoiling by using novobiocin. This suggests thatpsu gene product may be involved, directly or indirectly, in the activity of gyrase A subunit and that in a mutant form it may have a severe adverse effect on gyrase activity, unless the cell accumulates secondary mutations, which apparently have a compensatory role. This condition poses the question of how the psu mutant was isolated in the first place. The first psu mutant was isolated from E. coli T44 (tif-1 thr leu) as a spontaneous prototroph (Thr' Leu'). tif-1 is a mutation in the recA gene in which mutator activity is already expressed at 370C and is increased 10-to 100-fold above the wild-type level (3) . It is assumed that in strain T44, because of mutator activity, some compensatory mutations enabling spontaneous psu to be established accumulate. psu in turn could provide selective advantage to the secondary mutations.
The unusual feature of this system is that the compensatory mutations act as suppressors of auxotrophy. The mechanism of suppression is not known yet; however, it was shown that certain concentrations of novobiocin had marked stimulatory effects on the efficiency of suppression (two-to threefold in some suppressor strains). Since novobiocin is known to reduce the level of DNA supercoiling (10), it is possible that the suppression operates by activating dormant promoters of either suppressor genes or structural genes by inducing minor changes in the normal level of DNA supercoiling. Suppression of deletion mutations could be due to the activation of dormant structural genes. The ability of certain dormant promoters to be activated by deviations from the normal level of DNA supercoiling was shown in the case of promoter mutation leu-500, which is activated by a high level of DNA supercoiling (18, 21) . Activation of the bgl operon takes place in either a lower-or higher-than-normal level of DNA supercoiling (6, 16, 23) . Another unusual feature of the psu mutation is its effect on the abnormal degradation of cloned chromosomal DNA by restriction enzymes, while that of the vector (pBR322) remains intact (Fig. 1) . The understanding of this phenomenon may, perhaps, provide a clue to the function of the psu gene.
The accumulation of different secondary mutations in almost every colony transformed by psu, with no apparent mutator activity, while such mutations were never observed in the untransformed control cultures raises the possibility that this phenomenon may resemble that described by Cairns et al. (2) , Shapiro (28) , and Hall (13, 14) , who observed the accumulation of advantageous mutations in starved aging cultures. According to Hall's model (14) , cells in stress can enter a hypermutable state inducing error-prone repair; random advantageous mutations have selective advantage, while neutral mutations are lost. In the present study, psu may cause conditions of stress with a similar outcome.
